The terrestrial biosphere is currently thought to be a significant sink for atmospheric carbon (C). However, the future course of this sink under rising [CO 2 ] and temperature is uncertain. Some contrasting possibilities that have been suggested are: that the sink is currently increasing through CO 2 fertilization of plant growth but will decline over the next few decades because of CO 2 saturation and soil nutrient constraints; that the sink will continue to increase over the next century because rising temperature will stimulate the release of plant-available soil nitrogen (N) through increased soil decomposition; that, alternatively, the sink will not be sustained because the additional soil N released will be immobilized in the soil rather than taken up by plants; or that the sink will soon become negative because loss of soil C through temperature stimulation of soil respiration will override any CO 2 or temperature stimulation of plant growth.
Introduction The terrestrial biosphere, of which forest ecosystems are a major component, is currently thought to constitute a carbon (C) sink of approximately 2 Gt C year -1 (Schimel 1995) . How will projected increases in temperature (T) and atmospheric carbon dioxide concentration ([CO 2 ]) affect the C sink strength of forest ecosystems over the next 100 years? Since the signing of the Kyoto Protocol (UNFCCC 1997) the answer to this question has become critical for policy decisions on how to manage the future course of atmospheric [CO 2 ] .
A definite answer to this question has yet to emerge, largely because of uncertainty about the relative magnitude of the opposing effects of (i) increasing T on plant and soil respiration (tending to reduce the C sink) and (ii) increasing T and [CO 2 ] on gross plant productivity (tending to enhance the C sink, at least when water is not limiting). On the grounds that plant and soil respiration are exponential functions of T, whereas plant growth is a saturating function of [CO 2 ] and relatively weakly T-dependent, it has been argued that the terrestrial biosphere could become a C source within the next century (Cao and Woodward 1998 , Pearce 1999 , Scholes 1999 , Walker et al. 1999 , Kirschbaum 2000 . However, this argument is largely based on observations of the direct, short-term effects of T and [CO 2 ] on plant and soil processes, and therefore ignores potentially important plant-soil feedbacks operating on longer timescales.
One such feedback, the importance of which has been the subject of considerable debate, operates through soil nitrogen (N) mineralization and plant N uptake (Bonan and van Cleve 1991 , Melillo et al. 1993 , Houghton et al. 1998 ). This feedback affects both the T and CO 2 responses of the C sink. Concerning the T response the question is: to what extent will the indirect positive effect of increasing T on plant growth (as a result of increased soil N mineralization and plant N uptake) offset the direct negative effect of increasing T on soil C (as a result of increased decomposition)? A key uncertainty here concerns the proportion of extra N, released by T-stimulated mineralization, that is taken up by plants relative to that which is re-immobilized in soil organic matter (Houghton et al. 1998 ). Uncertainty about the relative importance of plant N uptake versus soil N immobilization also underlies current debate about the response of forest ecosystems to increased N deposition (Jenkinson et al. 1999 , Nadelhoffer et al. 1999 . Moreover, modeling studies have highlighted the role of soil N immobilization in moderating the direct CO 2 fertilization effect on plant growth (Rastetter et al. 1992 , 1997 , Kirschbaum et al. 1994 , McMurtrie and Comins 1996 . Therefore, soil immobilization processes could play a central role in determining how the C sink strength of forests will respond to increasing T, N deposition and [CO 2 ] over the next 100 years.
Unfortunately, the biochemical processes by which soil mineral nutrients are incorporated into soil organic matter (e.g., microbial biomass production, abiotic incorporation, mycorrhizal assimilation) remain poorly understood (Fog 1988 , Berg and Matzner 1997 , Aber et al. 1998 , Currie 1999 . As a result, the representation of soil N immobilization in models is often empirical. For example, the CENTURY model (Parton et al. 1993 ) assumes an empirical relationship between soil N:C ratios and inorganic soil N, reflecting underlying changes in soil microbial populations with mineral N availability. This approach is also adopted in the Hurley Pasture Model (Thornley 1998) . However, the parameters of this relationship remain subject to considerable uncertainty.
How critical is uncertainty in this relationship for predictions of the C sink of forests over the next 100 years? The importance of variability in soil N:C ratios for modeled forest growth responses to climate change was explored in a preliminary way-without taking account of soil inorganic N dynamics explicitly-by Kirschbaum et al. (1994) , McMurtrie and Comins (1996) and McMurtrie et al. (2000) . However, the sensitivity of C sink predictions to uncertainty about the above soil N:C-soil inorganic N relationship has not been examined within the framework of a dynamic model of soil inorganic N, incorporating soil N immobilization and plant N uptake in a fully coupled way. Such a sensitivity analysis is important for gauging the general adequacy of current model representations of the soil N immobilization process.
This paper presents such a sensitivity analysis using the process-based forest ecosystem model G'DAY (Comins and McMurtrie 1993) , which incorporates the CENTURY soil model that has become a de facto standard in global ecosystem models (Bolker et al. 1998) . Our primary aim is to highlight problem areas that require urgent attention from experimenters and modelers, if we are to make confident predictions of the C sink strength of forests over the next century. Our second aim is to investigate the validity of recent, highly publicized claims that the terrestrial C sink will soon decline because CO 2 fertilization has peaked, whereas soil and plant respiration rates are about to accelerate (Pearce 1999 , Scholes 1999 , White et al. 1999 ).
Materials and methods
The G'DAY model G'DAY is a simulation model of C and N dynamics in plant-soil ecosystems. Because G'DAY is fully described elsewhere McMurtrie 1993, Medlyn et al. 2000) , only a brief overview is given here. For the present study, our only modification to G'DAY concerns the dynamics of the soil inorganic N pool as detailed in the Appendix.
The plant sub-model represents the C and N contents of foliage, wood and fine roots. Wood N content is further divided into two pools, an immobile component held in structural compounds and a mobile (nonstructural) component that can be retranslocated to support new woody tissue. The soil submodel represents C and N in four litter pools (structural and metabolic, both above-and belowground) and three soil organic matter (SOM) pools (active, slow and passive), as in the CENTURY soil model (Parton et al. 1987 (Parton et al. , 1993 . Processes represented include plant C assimilation, plant N uptake, allocation, tissue senescence and N retranslocation, litter and SOM decomposition, soil N mineralization and immobilization, N input by atmospheric deposition and biological fixation, and N loss by leaching and gaseous emission.
In previous versions of G'DAY (Comins and McMurtrie 1993 , the soil inorganic N pool (N inorg ) was not explicitly represented. For this study, following Parton et al. (1993) , SOM N:C ratios were assumed to depend positively on N inorg (see Appendix, Equation A3). Specifically, the N:C ratios of substrate entering the active, slow and passive SOM pools were assumed to increase linearly between prescribed minimum and maximum values, as N inorg increased from zero to a critical value, N crit . We therefore modified G'DAY to incorporate the dynamics of N inorg explicitly (see Appendix for details).
For our simulations of G'DAY we used parameters estimated by Medlyn et al. (2000) and McMurtrie et al. (2000) for a stand of Norway spruce (Picea abies (L.) Karst.) planted in 1963 on a site at Flakaliden (64°7′ N, 19°27′ E) near Umeå, Sweden (Bergh et al. 1998 ). The site is N-limited but not water-limited. Our parameter values are the same as in except for the rate of external N input (0.4 g m -2 year -1 ). Additional parameters describing variation in the N:C ratios of SOM and the dynamics of soil inorganic N are given in the Appendix.
Climate change scenarios
To study model responses in terms of the underlying processes, we examined three types of climate change scenario. First, to illustrate the basic behavior of N immobilization and how it varies with N availability, we implemented a step increase in the rate of external N inputs from 0.4 to 1.4 g N m We then tracked the simulated responses of plant net primary productivity (NPP), heterotrophic soil respiration (R h ), the net ecosystem C sink (= NPP -R h ) and plant N uptake (U). Second, to illustrate the contrasting effects of increases in T and [CO 2 ] on N availability and immobilization, we simulated the responses to step increases in T (+2°C) and [CO 2 ] (+350 mmol mol -1 ) applied separately. Finally, following Thornley and Cannell (1996) , we simulated the responses to gradual increases in T (+0.03°C year -1 ) and [CO 2 ] (+3 mmol mol -1 year -1 ) which, when applied together, approximate the IPCC climate change scenario IS92a (IPCC 1995) . All simulations were initiated by running G'DAY to equilibrium under the baseline climate at Flakaliden, and then imposing changes to N input, temperature or [CO 2 ]. Because the simulations below have identical initial soil and plant C, NPP and soil heterotrophic respiration, and zero C sink, it is possible to directly compare simulations with different climate change scenarios and different assumptions about variation of soil N:C ratios.
Sensitivity analysis
The assumed relationship between N:C ratios of new SOM and soil inorganic N (Appendix, Equation A3) is illustrated in Figure 1 for the slow SOM pool. For each climate change scenario, sensitivity to this relationship was explored by varying the critical soil inorganic N value, N crit , from 1 to 10 g N m -2 . To compare simulations with different values of N crit , all simulations were started at the same initial equilibrium state, i.e., with the same N inorg value at t = 0. To achieve this, the minimum value of soil N:C (attained at N inorg = 0) was adjusted simultaneously with N crit , while the maximum soil N:C ratio was held fixed (Figure 1 ). Thus, with high values of N crit , the soil N:C ratio was relatively insensitive to soil inorganic N, whereas sensitivity to soil inorganic N was greater at lower values of N crit . The value N crit = 2 g N m -2 , adopted in CEN-TURY (Parton et al. 1993) , and the extreme case N crit = 10 g N m -2 are referred to below as "flexible N:C" and "conservative N:C", respectively. Figure sult in a large change in net N mineralization and hence in plant uptake (U). These increases in N uptake result in a large NPP response under conservative soil N:C ratios and a smaller NPP response under flexible N:C (Figure 2a ). Figure 2b shows simulated rates of soil heterotrophic respiration (R h ) and C sink strength (or net ecosystem production), evaluated by subtracting R h from NPP. The R h is enhanced because of gradual increases in litter and soil C following the NPP increase. However, R h increases more slowly than NPP, so that there is a sustained positive C sink, which is larger for the simulation with lower soil N immobilization (conservative N:C ratios). Figure 3 illustrates the simulated C sink following an instantaneous temperature increase of 2°C for both flexible and conservative soil N:C ratios. After T increases, there is an immediate transient increase in R h (Figure 3a) . But R h subsequently declines as high-turnover soil pools (active SOM and labile litter pools) are drawn down to new lower equilibria. The initial T-response of R h is similar under flexible and conservative N:C ratios, but the simulations depart progressively after a few years. The increase in R h leads to a net release of soil N that stimulates NPP. However, under flexible soil N:C ratios a high proportion of the additional N is immobilized in SOM. Hence, the increase in plant N uptake is smaller under flexible N:C ratios than under conservative N:C ratios (Figure 3a) . Thus, the NPP response to warming is smaller under flexible N:C ratios and the C sink is reduced (Figure 3b ). The simulations show that the C sink is negative for initial periods of 5 and 2 years under conservative and flexible N:C, respectively, but that the C sink is then positive for several decades, before declining toward zero.
Model results

Increased external N input
Rising temperature
We also ran simulations of G'DAY with temperature increasing gradually at a constant rate of 0.03°C year -1 . Figure 4a illustrates simulated NPP, R h and the C sink for flexible soil N:C ratios. Both NPP and R h increase steadily throughout the simulation. The C sink (= NPP -R h ) is negative for an initial transient period, after which it increases steadily to a peak value of approximately 9.7 g C m -2 year -1 . Figure 4b illustrates the response of the C sink to gradual temperature increase for a range of values of N crit . For highly flexible N:C ratios (N crit = 1 g m -2 ) the modeled C sink remains close to zero throughout the simulation, because little of the extra mineralized N is taken up by plants. As N:C ratios become less variable, the modeled C sink is enhanced and there is no tendency for the C sink to decline with increasing T. [CO 2 ] from 350 to 700 mmol mol -1 there is a large initial C sink as a result of enhanced photosynthetic efficiency at high [CO 2 ]. The sink is transient, however, declining rapidly over the next decade. Under conservative soil N:C ratios, the sink disappears totally after only 8 years and is replaced over the next decade by a small C source. Under flexible soil N:C ratios the C sink remains positive throughout the simulation. These patterns are consistent with the responses of other models to a doubling of [CO 2 ] for N-limited ecosystems, with a large transient CO 2 -fertilization effect giving way to a much smaller nutrient-limited response (e.g., Ruimy et al. 2001 ). The simulated CO 2 response is not sustained because the increase in [CO 2 ] is not matched by a corresponding increase in soil N availability. Under conservative soil N:C ratios, simulated soil N availability declines because litter production is enhanced at high [CO 2 ] leading to enhanced C input to the soil and hence to enhanced soil N immobilization . This negative soil feedback explains the C source between Years 8 and 22 in the simulation with conservative N:C ratios (Figure 5a ). In the simulation for flexible soil N:C, this soil constraint is alleviated because of reduced soil N immobilization at high [CO 2 ]. Figure 5b illustrates the response of the C sink to a gradual increase in [CO 2 ] at a constant rate of 3 mmol mol -1 year -1 from a base-line of 350 mmol mol -1 . The C sink is sustained throughout the simulation under both flexible and conservative soil N:C ratios. However, the C sink is much larger under flexible N:C ratios because plant N uptake is enhanced owing to reduced soil N immobilization. The C sink under gradually increasing [CO 2 ] reaches a peak after 10 to 20 years under conservative and flexible soil N:C, respectively. This response is qualitatively different from the C sink under gradually increasing T (Figure 4b ) where the C sink rises steadily throughout the simulation. Figure 6 illustrates the simulated C sink when both temperature and [CO 2 ] increase gradually at the above constant rates. Simulations with conservative and flexible soil N:C ratios are similar with sustained positive C sinks that rise steadily to maximum values of 17.7 and 16.5 g C m -2 year -1 , respectively. It can be seen from the responses to rising temperature ( Figure 4b ) and [CO 2 ] (Figure 5b ) that the C sink is primarily a temperature response under conservative soil N:C ratios, whereas temperature and [CO 2 ] contribute equally under flexible N:C ratios.
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Discussion
Modeling the C sink: complementary approaches
Recently, a number of process-based models have been used to predict the terrestrial carbon sink either on a regional (Wang and Polglase 1995 , Thornley and Cannell 1996 , 1997 , Peng and Apps 1998 or global scale (Cao and Woodward 1998 , Kicklighter et al. 1999 , Xiao et al. 1998 , White et al. 1999 . Because the aim of these studies is quantitative prediction of future C sequestration, the models tend to be relatively complex with realistic representations of each key process, and tend to be run under a fixed set of parameters. Our approach is different and complementary: to carry out a sensitivity analysis of one key process (soil N immobilization). This approach involves using a relatively simple model whose behavior is TREE PHYSIOLOGY ONLINE at http://heronpublishing.com readily interpreted. In so doing we aim to (1) aid in understanding the behavior of, and differences between, other more detailed models; and (2) highlight key areas of model uncertainty requiring experimental clarification.
Soil N immobilization: a key process for C sink predictions
Specifically, our objective was to examine the sensitivity of predictions of the forest C sink to the relationship between soil N:C ratios and soil inorganic N availability assumed in current models (Parton et al. 1993 , Thornley 1998 . We found that the degree of variability of soil N:C ratios (Figure 1 ) was crucial to modeled soil N immobilization and to predicted changes in ecosystem carbon storage in response to step or gradual increases in temperature and atmospheric [CO 2 ]. These model results are consistent with recent experimental findings that an increase in soil inorganic N availability may not lead to similar increases in plant N uptake, owing to immobilization of soil N (Nadelhoffer et al. 1999) , and with claims that soil N immobilization could have important consequences for ecosystem carbon storage (Houghton et al. 1998) .
Under increasing temperature, soil decomposition is stimulated, causing a release of soil N. If soil N:C ratios are assumed to be conservative, little immobilization occurs, and thus a large amount of N becomes available to the plant, causing a dramatic increase in NPP (see also Medlyn et al. 2000) . Although soil C storage is reduced, plant C storage increases even more, resulting in an overall increase in system C. This prediction of increased C storage under elevated temperature is consistent with the conclusion of Rastetter et al. (1992) that long-term increases in ecosystem C storage will occur when there is a net shift of N from pools with high to low N:C ratio: warming leads to reduced soil organic matter (with high N:C ratios) but enhanced tree biomass (with relatively low N:C ratios).
On the other hand, if soil N:C ratios are flexible, the extra mineralized N released under increasing temperature is largely immobilized in the soil, resulting in a smaller increase in carbon storage (Figures 3b and 4b) . The model's sensitivity to this assumption is related to the high ratio of gross to net N mineralization: the simulated rates of gross N mineralization and immobilization are large compared with their difference, net N mineralization. Altered N:C ratios of new SOM cause a small relative change in immobilization but this results in a large change in net N mineralization and hence in plant uptake.
The effect of increased atmospheric [CO 2 ] on the forest carbon sink also depends on the assumed flexibility of soil N:C, but the dependence is opposite to the T effect. That is, when soil N:C is conservative, ecosystem C uptake is limited by soil N availability and hence the C sink strength is low; whereas, under flexible soil N:C, this N limitation is alleviated by reduced soil N immobilization ( Figure 5 ). Under gradually increasing [CO 2 ], the simulated C sink rises to a peak then gradually declines (Figure 5b ) as predicted by Scholes (1999) . It is clear, however, from Figure 5b that the decline is caused by soil N immobilization; the rate of decline is dramatically affected if soil N availability is altered either by altering N crit (Figure 5b ) or by increasing T (Figure 6 ). Under the climate scenarios with rising T and [CO 2 ], the carbon sink is insensitive to the flexibility of soil N:C ratios (Figure 6 ). However, the relative contributions of temperature and [CO 2 ] to this sink differ considerably, with the temperature effect dominating when soil N:C is assumed conservative, and both effects contributing equally when it is assumed flexible.
Our prediction of a strong and continuing C sink under increasing [CO 2 ] and temperature ( Figure 5 ) contrasts with recent assertions that increasing soil decomposition under higher temperatures will cause a reduction in the sink (Pearce 1999 , Scholes 1999 , Woodwell 1990 , Kirschbaum 2000 . These assertions are based largely on short-term experimental evidence that the temperature response of plant C uptake is much flatter than the temperature response of soil carbon release (e.g., Lindroth et al. 1998 ). However, this argument ignores plant-soil feedbacks that are not evident in short-term experimental data.
The modeling challenge
Unfortunately, there is a lack of experimental evidence that can be used directly to estimate the terrestrial C sink on the time-scale that is relevant for policy-making, that is the next 50-100 years. Apart from short-term (< 10 years) experimental data, the major sources of data are historical or global comparisons of C storage (e.g., boreal versus tropical) that reflect long-term (> 100 years) "equilibrium" ecosystem responses but shed little light on transient dynamics over 50-100 years (Dixon et al. 1994 , Malhi et al. 1999 , Kirschbaum 2000 . Hence there is a clear need for process-based models to extrapolate into this medium-term gap in data availability.
Our results highlight the importance of the process of soil N immobilization, and we recommend that this should be a key focus for future modeling studies. We emphasize, however, that other processes, not considered in this paper, are also likely to be important in modeling the forest C sink, including effects of climatic change on water stress and tree mortality (e.g., Cao and Woodward 1998, White et al. 1999) .
The experimental challenge
Current experimental evidence indicates that the fraction of mineralized N immobilized in soils is relatively high (Nadelhoffer et al. 1999) . However, understanding of the mechanisms of N immobilization is still poor. Aber et al. (1998) suggest three possible mechanisms by which N immobilization may occur: increased microbial biomass production; abiotic incorporation directly into soil organic matter; and conversion to organic N forms by mycorrhizae. They analyzed these three pathways by estimating the C requirement for each, and compared it with measured soil C efflux in forest stands subjected to known N additions. Their analysis led them to suggest that the third pathway, that involving mycorrhizal activity, was perhaps the most important. Our implementation of soil N immobilization involves a change in soil N:C ratio without a change in C efflux (see Appendix) and thus essentially assumes a fourth process, that of a change in soil microbial populations with different N requirements. The uncertainty surrounding these alternative mechanisms highlights the urgent need for experimental research into the processes of soil nutrient release and immobilization, leading to improved representations of these processes in models.
Appendix: Soil inorganic N dynamics
In previous versions of G'DAY (Comins and McMurtrie 1993) , the soil inorganic N pool (N inorg ) was not explicitly represented. Here, following Parton et al. (1993) , we assumed that the SOM pools have variable N:C ratios depending on N inorg . Therefore we introduced N inorg and its dynamics explicitly into the model as follows.
Immobilization
Material entering each SOM pool (active, slow and passive) does so with a certain N:C ratio (respectively, ν ao , ν so and ν po ). The rate of immobilization of soil inorganic N in SOM pool j, I j , (where j = a, s, p, respectively), is calculated as the product of the N:C ratio ν jo and the total C flux entering SOM pool j from all other litter and SOM pools:
Here C i is the C content of pool i, k i is the fractional decomposition rate of pool i (a function of T), p ji is the fraction of the C flow out of pool i that enters pool j, and the sum on i extends over all seven litter and SOM pools. The total rate of N immobilization is then obtained by summing Equation A1 over the three SOM pools j = a, s, p:
Variable SOM N:C ratios
The N:C ratios of newly formed SOM (ν jo , j = a, s, p) are assumed to depend on the soil inorganic N pool (N inorg ) as follows:
Thus, ν jo increases linearly from ν jo,min at low soil inorganic N values and reaches a plateau ν jo,max at a critical soil inorganic N value N crit , as illustrated in Figure 1 for the slow SOM pool (j = s).
The values of ν jo,max (j = a, s, p) were fixed at ν ao,max = 1/3, ν so,max = 1/15, ν po,max = 1/7, as assumed in the forest version of CENTURY (Parton et al. 1993) . For the sensitivity analyses N crit was varied between 1 and 10 g N m -2 , with a standard value of 2 g N m -2 (Parton et al. 1993) . The standard values of ν jo,min (corresponding to N crit = 2 g N m -2 ) were ν ao,min = 1/15, ν so,min = 1/40, ν po,min = 1/10, as in CENTURY. With these values of N crit, , ν jo,max and ν jo,min , the long-term equilibrium value of N inorg is 0.53 g m -2 . For simulations with N crit not equal to 2 g m -2 , the values of ν jo,min (j = a, s, p) were varied simultaneously with N crit so that the initial equilibrium values of N inorg and ν jo at t = 0 were the same for each simulation (Figure 1 ). This procedure ensures that climate change simulations in Figures 2 to 6 all commence at the same initial equilibrium and differ in only one parameter value, N crit .
Soil inorganic N fluxes
The rate of change of soil inorganic N is the difference between influxes and effluxes:
where M g is the rate of gross mineralization (Equation A5), N in is the rate of external N inputs from deposition and fixation (assumed constant at 0.4 g N m -2 year -1 ), I is the rate of N immobilization (calculated from Equations A1-A3), N loss is the rate of N loss through leaching and gaseous emission (Equation A6), and U is the rate of N uptake by plants (Equation A7). Explicitly, we have:
where ν i is the N:C ratio of pool i, and we assume that N loss and plant N uptake are proportional to soil inorganic N:
where λ loss and λ u are rate constants, with default values of 0.1 and 1.9 year -1 , respectively.
Sensitivity of C sink to λ loss and λu
The values of parameters λ loss and λ u are uncertain in the above model runs. The sensitivity of the C sink to these parameters is summarized in Table 1 , which presents values of the cumulative change in ecosystem carbon storage (∆C 100 ) after 100 years of gradual increases in T (+0.03°C year -1 ) and [CO 2 ] (+3 mmol mol -1 year -1 ). An increase in λ loss leads to reduced ∆C 100 because of enhanced ecosystem N loss relative to plant N uptake. By contrast, an increase in λ u tends to enhance C storage because of reduced N loss relative to N uptake and because N inorg is drawn down to a lower value leading to reduced N:C ratios of new SOM (Figure 1) . Table 1 indicates, however, that ∆C 100 is relatively insensitive to both λ loss and λ u . Doubling of the value of λ loss leads to 8 and 7% reductions in ∆C 100 for flexible and conservative soil N:C, respectively. Doubling of λ u leads to 10 and 6% increases in ∆C 100 for flexible and conservative soil N:C, respectively. Table 1 also confirms the result in Figure 6 (under gradually increasing T and [CO 2 ]) that ecosystem C storage is relatively insensitive to the parameter N crit characterizing the flexibility of soil N:C.
TREE PHYSIOLOGY ONLINE at http://heronpublishing.com FOREST CARBON SINK STRENGTH PREDICTION 839 Table A1 . Sensitivity of C sink to λ loss and λ u . The simulated cumulative change in ecosystem C storage over 100 years (∆C 100 , kg C m -2 ) for various values of parameters representing the flexibility of soil N:C (N crit , g m -2 ) and dynamics of soil inorganic N (λ loss and λ u , year -1 ). The values of λ loss and λ u assumed for the simulation shown in Figure 6 are 0.1 and 1.9 year -1 , respectively. All simulations were initiated by running G'DAY to equilibrium under the current climate and then imposing a scenario with T and [CO 2 ] rising at constant rates of 0.03°C year -1 and 3 mmol mol -1 year -1 , respectively. Initial values of ecosystem C storage (C o , kg C m -2 ) are presented for each simulation. 
